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Synopsis 
Shis  research  paper  is  concerned  with  the  analysis  of  She  capacities 
of  three  different  freeway  on-ra&p  dseigns— on  rasps  with  no  acceleration 
lane  and  stop-sign  control,  oa-rssspa  with  no  acceleration  lane  aad  yield- 
sign  control,  and  oa~ rasps  with  an  acceleration  lace  and  no  siga  control. 
The  study  includes  the  development  of  criteria  for  defining  both  possible 
and  practical  capacities,  the  developranot  of  a  deterministic  gueaiag 
iso&el  fox  predicting  possible  capacity,  Ihe  development  of  a  Monte  Carlo 
simulation  model  for  the  study  of  rasp  flow  under  varying  traffic  conditions, 
the  evaluation  of  vehicle  delays  and  queue  lengths  incurred  by  oa-rawp 
vehicles  for  various  combinations  of  rasp  and  shoulder- lane  traffic  voluoea, 
end  the  evaluation  of  possible  and  practical  oa-rass  capacities  for  the 
three  different  raag>  designs. 
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This  research  was  concerned  with  the  analysis  of  the  capacities 
of  three  different  freeway  on- reap  designs—  namely,  on- ramps  with  no 
acceleration  lane  and  stop- sign  control,  on-raaps  wits*  no  acceleration 
lane  and  yield-sign  control,  and  on- reaps  with  an  acceleration  lane  and 
so  sign  control.  The  study  included  the  development  of  criteria  for 
defining  both  possible  end  practical  capacities,  the  devclope&at  of  a 
deterministic  queuing  model  for  predicting  possible  capacity,  tLc 
development  of  a  Monte  Carlo  simulation  model  for  the  study  of  ramp 
flow  under  varying  traffic  conditions,  the  evaluation  of  vehicle  delays 
and  queue  lengths  incurred  by  on-ramp  vehicles  for  various  combinations 
of  ramp  and  shoulder- lane  traffic  volumes,  and  the  evaluation  of 
possible  and  practical  on-ramp  capacities  for  the  three  different 
ramp  designs. 

Initial  research  efforts  were  concerned  with  the  development  of 
descriptors  of  the  ramp  situation.  The  distribution  of  headways  between 
ramp  vehicles  was  described  by  a  hyper-exponential  model.  All  ramp 
vehicles  were  assumed  to  enter  the  ramp  system  at  a  constant  speed, 
controlled  by  the  critical  geometry  of  the  area  rather  than  by  traffic. 
Ramp  vehicle  behavior  in  the  system  was  defined  by  four  factors— the 
spacing  relationship  with  the  preceding  vehicle,  acceleration-deceleration 


capabilities,  the  availability  of  gaps  in  the  shoulder  lane,  and 
distributions  describing  gap-acceptance  phenomena. 

Shoulder - lane  headways  vera  described  by  a  shlfted-esponsatlal 
model.  2ech  shoulder- lane  vehicle  vas  assigned  a  tspead  upon  entry 
into  the  system  that  vas  only  dependent  upon  the  volume  of  traffic  in 
the  shoulder  lane.  It  vas  further  assumed  that  the  shoulder- lane 
vehicles  proceeded  through  the  ramp  area  at  fcce  speeds  and  headway 
spacing  assigned  at  generation,  without  any  interference  from  rasp 
traffic. 

The  various  traffic  descriptors  were  expressed  in  the  mathematical 
mode  and  assembled  for  analysis  into  two  different  types  o£  oodele-~ 
a  deterministic  queuing  model  for  the  analysis  of  possible  ramp  capacity, 
and  a  Monte  Carlo  simulation  model  for  the  analysis  of  practical  capacity. 

Because  both  models  vera  constructed  in  the  mathematical  mode 
they  were  readily  programmed  for  computer  solution.  The  programs  vera 
coded  in  the  VG2TBAK  XV  and  Sin?  languages  for  the  IBH  7090/7G94  System 
and  were  run  on  an  E8M  7090. 

She  results  obtained  from  the  queuing-modal  analysis  were  reported 
in  graphical  form.  The  possible  capacities  of  each  of  the  three  ramp 
designs  were  plotted  as  functions  of  shoulder- lane  volume.  Delay 
and  queuing  characteristics  for  a  vide  range  of  ramp  and  shoulder- 
lane  volume  combinations  were  obtained  from  the  simulator.  Practical 
capacities  were  defined  for  each  of  the  three  ramp  designs  by  analysing 
the  delay  characteristic*  relative  to  the  criteria  established  for 
practical  capacity  in  the  definition  of  the  earns.  Queue  storage 
requirements  on  the  ramp  were  found  by  an  analysis  of  queuing  characteristics 
at  practical-capacity  volume  levels. 
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In  recent  year*  thousands  of  miles  of  freeway-typ%  highways 
bava  bean  constructed  to  provide  for  the  safe,  convenient  and 
efficient  transportation  cf  persons  and  goods.  Access  tv  these 
high- tyne  traffic -carrying  facilities  is  provided  by  on-r  nos 
that  are  designed  to  'merge  rasp  traffic  into  the  high-speed,  high- 
volume  traffic  stre/ja.  The  efficiency  of  traffic  movement  on  freeways, 
and  the  extent  to  which  the  potential  capacity  of  freeways  can  « 
realized,  depots  in  part  on  the  adequacy  of  the  access  faciliti-e. 
Improperly  designed  entrances  limit  the  voluaae  of  traffic  that  can 
use  an  expressway  and  gsuarate  congestion  that  often  extends  back  ©»*.-> 
the  7ocal  system. 

Purpose  and  Scope  of  Study 

The  purpose  of  this  study  was  four- fold; 

1.  To  develop  criteria  for  defining  possible  and  practical 
on-ramp  capacities; 

2.  To  develop  general  models  for  the  analysis  of  flow  through 
the  merge  area; 

3.  To  evaluate  vehicle  delays  and  queue  lengths  that  are  incurred 
by  on-resp  vehicles  for  various  combinations  of  freeway  and  ramp  volumes; 
and 

4.  To  define  the  possible  and  practical  capacities  of  freeway 
on- ramps  for  each  of  three  design-control  situations. 

Freeway  on-ramp  capacity  is  controlled  at  one  or  more  of  three 

locations  along  the  typical  ramp.  These  locations  are —  (1)  the  entrance 

to  the  ramp  from  the  local  system  or  another  freeway,  (2)  the  raasp  proper, 

and/or  (3)  the  merge  area  at  the  freeway  terminal  of  the  ramp.  This 


study  vas  devoted  to  an  analysis  of  the  latter  location,  the  merge 
area  at  the  freeway  terminal,  as  it  is  store  commonly  the  restricting 
element  of  the  ramp. 

Only  ramps  with  geometric  configurations  such  that  on-ramp  merge 
maneuvers  are  not  compounded  with  of f-r«ap  diverge  maneuvers  were 
considered.  Thus  the  analysis  is  pertinent  to  the  on-ramps  of  diamond 
interchains  and  to  the  outer- loop  connectors  of  clover  leaf  interchanges. 
The  typical  ramp-terminal  designs  and  controls  which  are  used  on 
existing  freeways  were  analysed  and  compared — no  acceleration  lane 
with  stop-sign  control,  no  acceleration  lane  with  yield-sign  control, 
and  an  acceleration  laae  with  no  sign  control.  The  layouts  assumed 
for  these  control  situations  are  shown  in  Figure  1  for  no  acceleration 
lane  with  stop-or  yield-sign  control  and  in  Figure  2  for  an  accelera- 
tion lane  with  no  sign  control. 

The  conduct  of  a  field  study  of  the  scope  proposed  was  impractical 
with  respect  to  both  cost  and  time.  In  addition  data  from  numerous 
traffic  studies  of  existing  access  facilities  located  throughout  the 
country  were  already  available.  The  existence  of  these  data,  plus  the 
availability  of  a  modern  high-spaed  digital  computer,  suggested  the 
development  of  singulation  and  queuing  models  for  analyzing  ramp  capacity. 

CRXXSRXa  F0&  OH-BAMP  CaPACIT? 

the  term  "capacity, H  as  it  is  applied  to  highway  traffic  facilities, 
is  not  uniquely  descriptive.  In  general,  it  pertains  to  the  ability 
of  a  facility  to  accommodate  traffic;  but  without  some  criteria  indicative 
of  the  level  of  performance  associated  with  a  volume  of  flow,  the 
statement  of  a  numerical  capacity  limit  is  incomplete. 
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l!wo  variables,  eoraaonly  considered  as  yardsticks  of  performance, 
are  vehicle  delay  and  queue  length.  Vehicle  delay  can  be  expressed 
in  terms  of  Che  average  delay  Incurred  by  a  vehicle  for  various 
combinations  of  ramp  and  freeway  volumes,  or  as  the  probability  that 
delay  exceeds  some  established  level.  Queuing  characteristics  can 
be  defined  by   the  mean  queue  length,  or  in  terms  of  bvb&  percentile 
value  such  as  the  85ths  90th,  ox  95th  percentile  queue  length. 
Although  definite  limits  should  be  established  for  the  delay  indices, 
there  is  no  reason  to  establish  nusnerical  limits  for  general  application 
in  the  case  of  queues.  A  design  engineer  should  merely  use  defined 
queuing  characteristics  to  establish  storage  requirements  for  ramp 
traffic,  when  the  ramp  is  operating  at  a  capacity  level  established 
relative  to  delay  characteristics. 

In  an  attempt  to  establish  a  uniform  capacity  concept  the 
American  Association  of  State  Highway  Officials  CD*  adopted 
definitions  of  highway  capacity  at  two  levels  of  performance.  Ehese 

definitions  follows 

'Practical  Capacity  represents  the  maximum  number  of 
vehicles  that  can  pass  &   given  point  on  the  lane  or  roadway 
during  one  hour  under  the  prevailing  roadway  &n^   traffic 
conditions,  without  unreasonable  delay  or  restriction  to 
the  driver's  freedom  to  maneuver." 

Possible  Capacity  is  the  maximum  number  of  vebicles 
that  can  pass  a  given  point  on  a  lane  cr  roadway  during  one 
hour  under  the  prevailing  roadway  and  traffic  conditions, 
regardless  of  their  effect  in  delaying  drivers  and 
restricting  their  freedom  to  maneuver 

Although  tbeae  definitions  were  intended  for  uninterrupted  traffic 

facilities,  the  rationale  can  be  applied  to  ramp  situations.  In  addition, 

the  Highway  Capacity  tianu&l  <2>  definitions  for  capacities  of  signalised 


•    Bumbers  in  parentheses  refer  to  entries  in  the  List  of  References. 


intersections  suggested  an  index  for  describing  reasonable  delay.  These 

definitions  state: 

"The  Practical  Capacity  of  an  intersection  approach 
under  signal  control  is  the  toss town  volume  that  can  enter 
the  intersection  from  that  approach  during  one  hour  with 
most  of  the  drivers  being  able  to  clear  the  intersection 
without  waiting  for  more  than  one  conplete  signal  cycle." 

"Possible  Capacity  is  fine  E&xinum  number  of  vehicles 
that  can  actually  be  accommodated  under  the  prevailing 
conditions  with  a  continual  backlog  of  waiting  vehicles." 

Two  modifications  to  the  practieal=»capacity  definition  were  necessary 

before  it  was  applicable  to  the  reup  situation.  The  first  modification 

involved  the  number  of  drivers  being  delayed.  The  qualitative  index 

"with  most  of  the  drivers  being  able  to  clear  the  intersection"  was 

replaced  by  the  quantitative  index  'Vita  85  percent  of  the  drivers 

being  able  to  clear  the  Intersection."  The  second  modification  involved 

the  length  of  delay  iacurr^d  by  the  drivers.  Since  signals  are  not 

commonly  used  for  traffic  control  on  on-ramps  the  tlsee  unit  "one  signal 

cycle"  was  replaced  by  an  approximately  equivalent  time  period  of  "60 

seconds."  The  definition  proposed  for  the  practical  capacity  of  a 

freeway  en-ras®  is  as  follows . 

The  practical  capacity  of  a  freeway  en-reap  ia  the 
maximum  volume  of  vehicles  that  can  enter  the  through 
highway  during  one  hour  with  85  percent  of  the  drivers 
being  &ble  to  leave  the  rasp  without  being  delayed  for 
more  than  60  seconds* 

The  definition  of  the  possible  capacity  of  a  signalised  intersection 
was  applicable  to  the  ramp  situation  without  modification. 

DESCRIPTORS  OF  THE  RAMP  SITUATION 

The  many  variables  involved  in  the  operation  of  the  ramp  area 
traffic  system  can  be  classified  under  five  headings — roadway 
characteristics,  vehicle  characteristics,  driver  characteristics, 


traffic  and  environmental  conditions,  and  rules  of  operations. 

Roadway  Characteristics 
Geometric  Layout 

The  two  on-raap  geometric  layouts  analyzed  in  this  study  vera 
presented  in  Figures  1  and  2.  The  dimensions  assured  for  the  no 
acceleration- lane  deslga  were  based  on  a  survey  of  plans  of  existing 
facilities.  Although  no  exact  locations  were  defined  for  the  entry 
point  to  the  system,  for  the  stop-line,  or  for  the  potat  of  entry 
into  the  shoulder  lane,  the  proposed  tesign  was  adequate  to  provide 
108  feet  for  deceleration  from  ranp  .'jpeed  to  a  sftop  at  the  stop- 
line.  In  addition  the  assumption  t-T.s  isede  thafc  the  vehicle  traveled 
a  distance  of  92  feet  frcsa  the  stop-line  to  tUft  point  of  entry  into 
the  shoulder  lane. 

The  dissensions  for  the  acceleration- S.o**  ctasign  were  based  on 
a  survey  of  recoasaended  rasp  designs,  '.ith  a  4^0- foot  acceleration* 
lane  proper  and  a  300- foot  taper,  r;*?  vehicles  htd  approximately 
500  feet  of  acceleration  dietary  available  before  aneroaehins  on 
th£  shoulder  lane.  This  -istence  was  just  adequate  to  provide  for 
acceleration  fretn  '  st(39  at  *tt«  reap  nose  to  the  roaxttmift  average 
shoulder- la***"  ^pesd.  Again  the  raxsp  getuBetry  was  adequate  lor  the 
Ci.i~  -■*   v>  decelerate  from  the  rasp  speed  to  a  atop  at  the  rasap  nose 
with  r   comfortable  rate  of  deceleration  when  such  a  maneuver  was 
deeded  necessary. 

Traffic  Control 

Three  spearate  traffic-control  conditions  were  analysed.  Both 
stop- sign  and  yield-sign  control  devices  were  established  on  the  no 


acceleration- lane  layouts;  no  sign  control  was  established  on  the 
acceleration- lane  layout.  Results  reported  from  previous  research 
studies  indicated  that  stop-sign  control  devices  on  reaps  often 
function  as  yield  signs  or  as  a  cross  between  e  stop  sign  and  a 
yield  sign.  For  the  purposes  of  this  study  each  device  was  required 
to  function  In  compliance  with  the  regulations  defined  in  the  Manual 
on  Uniform  Traffic  Control  Devices. 

Vehicle  Characteristics 

All  of  the  vehicles  traversing  the  remp  system,  whether  on  the 
ramp  or  on  the  shoulder  lane,  were  assumed  to  have  the  geometric  and 
operating  characteristics  of  passenger  ears.  Overall  length  was 
established  at  16 t 5  feet,  the  approximate  average  for  all  passenger 
cars,  although  this  is  considerably  shorter  than  the  AASBO  defined 
P  design  vehicle  (1). 

In  addition  each  vehicle  was  assigned  constant  acceleration  and 
deceleration  potentials  o£  five  and  six  miles  per  hour  per  second, 
respectively.  In  reality  acceleration  and  deceleration  rates  have 
distributions  that  are  functions  of  the  vehicle,  the  driver,  the 
roadway,  end  the  environment;  but  because  of  inadequate  data  and 
for  simplicity,  these  variables  were  defined  as  constant  vehicle 
characteristics . 

Driver  Characteristics 
PIE?  Time 

Although  the  driver  is  probably  the  most  complex  and  certainly 
the  dominant  element  in  the  ramp  traffic  system  he  was  modeled  as  a 
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relatively  simple  machine  with  a  capability  for  completing  the  "PlEtf" 
process  in  1.5  seconds.  Although  it  is  known  that  perception,  intellection, 
and  volition  time  requirements,  under  emotional  stress ,  vary  among  and 
within  drivers,  as  well  as  among  situations,  lack  rv  information  on  this 
distribution  led  to  the  selection  of  the  above  average,  and  hopefully, 
representative  constant  tine. 

Minimum  lime  and  Space  Clearances 

The  minimum  time  and  space  clearances  that  a  driver  demanta  as  a 
buffer  between  himself  and  a  lead  vehicle  are  undoubtedly  closely  related 
to  his  PIE?  time.  Various  ainimum  clearances  were  established.  A  driver 
normally  would  not  position  his  vehicle  with  less  than  five  inet  oi" 
clearance  to  a  leading  wMcle,  and  he  would  not  move  into  a  shvjldtisr- 
lane  gap  behind  a  shoulder- lane  vehicle  with  a  time  clearance  of  "i»ss 
than  0.5  seconds.  Minimum  clearance  time  for  ramp  vehicles  follow- \; 
a  leading  ramp  vehicle  through  the  system  varies  with  the  ramp  desigt 
and  the  type  of  traffic  control;  the  minimum  was  established  at  2.0 
seconds  with  no  acceleration  lane  and  yield-sign  control,  whereas  it 
was  set  at  1.8  seconds  with  an  acceleration  lane  and  no  control.  In 
the  latter  case  sudden,  abrupt  stops  are  less  likely  to  occur.  Ho 
limits  were  established  for  the  stop-sign  condition  as  the  minimum 
clearance  to  a  leading  ramp  vehicle  never  controls.  Minimum  headway 
spacings  in  the  moving  ramp  and  shoulder^lane  streams  were  also  defined, 
but  these  are  discussed  under  traffic  and  environmental  conditions. 

Gap  Acceptance 

Gap  acceptance  waa  the  final  driver  characteristic  to  be  modeled. 


From  several  studies  of  this  phenomenon  conducted  in  recent  years 
<7,  8,  9,  10,  11,  16,  18,  19,  20),  it  was  possible  to  develop  two 
families  of  gap-acceptance  models—one  for  on- reaps  without  acceleration 
lanes  and  one  for  on-ramps  with  acceleration  lanes.  In  both  cases 
distinction  was  raade  between  gap  acceptance  by  stopped  first- in- line 
vehicles  and  gap  acceptance  by  vehicles  tint  were  moving  as  they  passed 
the.  first-in-line  position, 

In  the  case  of  stop-sign  control  on  on-ccosps  without  acceleration 
lanes  all  vehicles  were  assumed  to  stop  in  the  first-in-line  position 
before  departing  from  the  ramp  system.  The  gap-eveeptance  model  for 
this  condition,  derived  from  data  collected  by  Pension  and  Ferrari 
(16)  on  the  Schuylkill  Expressway,  was  of  the  mathematical  form, 

t-t  j 
-< 2i£-> 

FrCAcpt)  »  1  -  e    *"*mi%i 

where s 

?r(Acpt)  ■  probability  of  accepting  a  gap  of  length,  t; 

t       ■  any  gap  greater  than  t  .  ; 

t       «  minimum  acceptable  shoulder- lane  gap;  and 

t       «>  the  average  acceptable  shoulder- lane  gap. 
With  appropriate  parameter  substitutions  the  model  was  written  as, 

t  ~  3.3 

6.5  -  3.3 

Pr^Acpt)  -  1  -  e 

or 

PrCacpt)  -  1  -  e  Cl'021  "  °'313t> 
Of  course  this  same  model  holds  for  stopped  first- in- line  vehicles 

departing  from  a  ramp  with  no  acceleration  lane  and  yield-sign  control. 
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A  similar  model  was  proposed  by  Weiss  and  Meradudin  (18)  for 
vehicles  that  do  aot  stop  in  ehe  first-in-line  position, es  would  be 
the  case  with  yield-sign  control.  This  model,  written  aa, 

t  -   2.0 
Pr(Acpt)  -  1  -  e"  5'°  "  2'° 

or 

n  ,.  fcv   ,      <0.667  -  0.3336) 
?r<acpt)  =  1  -  e  '  , 

was  accepted  as  a  suitable  descriptor  of  gap  acceptance  at  on-ramps 

with  no  acceleration  lane  ad  yield-sign  control. 

6spaaccep6ance  models  for  oa-ramps  with  acceleration  lanes  and  no 

sign  control  were  developed  from  data  collected  by  the  Texas  Transportation 

Institute  <8).  Seper-ite  models  were  defined  for  vehicles  that  depart 

from  the  system  affar  stopping  in  the  first- in- line  position  and  for 

vehicles  ao£  required  to  stop  in  the  first- in- line  position.  Both 

models  follow  ';he  mathematical  form, 


Pr<A?pt)  •  In  <~->  .* =^ 


°^n     i  C  max  y 

<«w,  > 

wholes 

t    ■  say  gap  length  between  the  limits  of  t  .  and  ti 
t  .   ■  minimum  acceptable  gap;  and 

t    «■  minimum  gap  length  for  which  probability  of  acceptance 
Bax    is  one* 

With  appropriate  parameter  substitutions  the  models  for  gap  acceptance 

after  a  stop  and  with  no  stop  are  respectively? 


t  1 

Pr(acpt)  -    In  C=-*=n)  *  «  n 


2»50         C7  ,8.00. 
ln  c73o} 


0.787  +  0.859  ln<t); 
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and 

PrCAcpt)-  m  f-Jp  *        * 

-  0.722  ln<fc). 
Traffic  and  Environmental  Characteristics 

Traffic  and  enviroraasatal  characteristics  ar<.>  presented  together 
as  they  are  closely  related.  Changes  in  enviroracanhal  conditions 
such  as  weather.,  lighting,  roadside  development,  etc.  vend  to  modify 
traffic  characteristics.  For  the  purposes  of  this  research  environmental 
conditions  were  assessed  ideal  without  any  statement  as  to  meaning  of 
"ideal. M 

Traffic  Distribution  Between  tanas 

Numerous  lane-distribution  studies  have  been  conducted.  Host  oi 
these  studies  <2,  7,  10,  11,  12 t   16)  reported  traffic  distribution  between 
lanes  as  a  function  of  total  one-direction  freeway  volume  only.  Two 
recent  studies — one  published  by  tfoslcowitz  and  Newman  (13),  and  the 
other  published  by  Hess  (A)— reported  that  lane  distribution  is 
dependent  upon  such  variables  as  number  of  freeway  lanes,  total  freeway 
volume,  distance  upstream  to  last  off -ramp,  distance  downstream  to  nest 
off-ramp,  traffic  volusse  off  at  last  off -ramp,  traffic  volume  off  at 
nest  off-ramp  and  ramp  traffic  on  the  ramp  under  consideration. 

After  a  thorough  review  of  the  available  data  a  decision  was 
made  to  use  Bess's  models  which  were  derived  from  data  obtained  in  a 
comprehensive,  nationwide  ra^-capaclty  study  under  the  sponsorship  of 
the  Bureau  of  Public  Roads.  The  results  are  presented  in  two  forms  for 
both  the  four- lane  and  sis- lane  freeways.  In  Figure  3  lane  distributions, 
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given  as  a  function  of  numbers  of  laces  and  of  total  one-direction 
volume,  can  be  used  for  approximate  estimates  of  shoulder-lane  volume. 
When  more  refined  estimates  are  desired  tha  following  equations  eon 
be  used? 

1.  Four- lane  freeways 

V    »  -1.21  +  0.244V     -  0.0857      +  640.   <»,   , 

s  s  ur  dr*   dr' 

2.  Six- lane  .freeways 

?  -  55  -3-  0.363V.  -  0.184?  +  0.G22D.  +  O.OiW. 
s  f       r       or       ur 

where s 

¥   «*  shoulder- lane  volume  (vph), 
s 

V-  *  total  one-way  freeway  volume  {vpa), 

V      »  ramp  volutes  (vph), 

v  m  volume  on  adjacent  upstream  off -ramp  (vph), 

v   ■  volume  on  adjacent  downs cream  off- ramp  (vph), 
and 

D,  »  distance  to  adjacent  downstream  off -ramp. 

2 
The  multiple  &  *s  for  these  four- lane  and  six- lane  models  were 

0.92  and  0.80,  respectively;  the  coefficients  of  variation  were 

reported  as  0.086  and  0.134. 

Seach?ay-vehicle  Generators 

Several  probabilistic  models  are  available  as  descriptor   of 
headways  in  traffic  streams.  The  more  common  ones  are  the  negative- 
exponential  distribution  (3),  the  shifted-exponential  distribution, 
the  hyper-exponential  distribution  (6,  17),  and  a  modified  binomial 
distribution  (3,20).  For  the  purposes  of  this  study  the  shifted- 
exponential  model  was  used  to  describe  headways  in  the  shoulder-lane 
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stream,  and  the  hyper-exponential  model  waa  used  to  describe  rasp 
headways. 

The  shifted-esponential  model  Is  described  by  the  mathematical 
model, 

P  Ch  >   £)  »  e    t-D   , 

where % 

P  (h  S  t)  -  probability  that  a  headway  is  equal  to  or  greater 
than  t, 

t        «  any  tiise, 

t        ■  average  headway  in  stream, 
m   3600/hourly  volume,  and 

D        ■  minisaaa  allowable  headway  In  the  stream. 
By  triai-and-error  process  B-values  were  defined  for  various  shoulder- 
lane  volumes  to  effect  an  apparent  good  fit  to  the  headway  curves  for 
multi-lane  traffic  stresses  given  in  the  Highway  Capacity  ISenual  (2).~ 
The  varying  D- values  were  described  as  a  function  of  the  shoulder- 
lane  volume  by  the  expression, 

D  -  0.31  +  .00017  . 
s 

The  hyper -espocena If.  1  headway  distribution  used  to  describe  the 

ramp  traffic  stream  was  originally  proposed  by  Schuhl  (17),  but  the 

necessary  statistical  evaluation  was  performed  by  Sell  (6).  This 

distribution  is  based  on  the  theory  that  a  traffic  stream  is  made  up 

of  two  populations  of  moving  vehicles— a  restrained  populatioo.  and  a 

free-moving  population— each  with  its  own  headway  distribution.  The 

overall  headway  distribution  is  therefore  defined  by  the  expression, 

t«ij         t  -A2 

P  Ch>  t)  -  (I  -a)  e  \     ~&l      +   e  \   *^2   , 

where t 

Q.  «  the  proportion  of  the  traffic  stream  in  the  restrained 

population, 
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1  -  GL  "  the  proportion  of  the  traffic  etreae  in  the  free-moving 
population, 

T.      *  average  headway  of  the  free-moving  population  „ 

T_     ■  average  headway  of  the  restrained  population, 

^V  »  the  tainiaaa  allowable  headway  of  the  free-moving 

population,  ftsd 

£^0     *  the  minimum  allowable  headway  of  the  restrained 
population. 

Kell  evaluated  the  parameters  of  this  model  on  a  two- lane  urban  street 

on  which  there  was  negligible  paesksg  opportunity.  Since  the  characteristics 

of  a  one-lane  rasp  are  not  unlike  those  of  the  directional  channels  of  an 

urban  street,  Sell's  model  -?as  assvroed  to  afford  an  adequate  description 

of  headways  in  a  ramp  stream. 

Speed  Models 

Although  speeds  are  known  to  fallow  approximately  normal  distributions 
in  freeway  flow,  this  variable  was  described  by  much  siaoler  models  for 
speed  in  the  rasa  and  shoulder- lane  streams.  EIse^j  entrance  speed  was 
assigned  a  constant  value  of  30  miles  per  hour,  on  the  assumption  that 
rssp  geometry  governs  speed  regardless  of  traffic  conditions »  Shoulder - 
lane  speeds  were  estimated  by  an  equation  approximating  two  models 
developed  at  the  Midwest  Research  Institute  (7).  The  models  reported 
by  this  group  weres 

SP  -  51.062  -  0.0085V 

8 


sad 


SP  -  53.703  -  0.0077V   , 

0 


where s 

SP  »  shoulder- lane  speed  in  the  ramp  vicinity,  and 

Va  »  shoulder- lane  volume 

8 
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The  values  for  the  coefficients  of  determination  were  only  0.337  and 
0.545  respectively;  whereas  the  coefficient  of  variation  were  0.18 
and  0.16.  The  model  actually  tired  in  this  atudy, 
SP  -  52.0  -  0.008V  , 

was  an  approximates  average  of  those  given  above. 


The  rules  of  operation  embody  a  queuing  discipline  and  rules 
the  driver-vehicle  uader  various  traffic  cosditlons. 

Queuing  Discipline 

The  definition  of  an  appropriate  queuing  discipline  :1s  relatively 
simple.  The  geometry  of  the  ranp  area  is  sack  that  service  is  provided 
to  ramp  traffic  on  a  first -come,  first-served  basis.  That  is,  no 
trailing  vehicle  can  preempt  se.~vf.ce  priority  end  pass  a  heading  vehicle 
to  accept  a  gap  in  the  shoulder  lane. 

Vehicle  end/cr  Driver  Behavior 

A  driver  arriving  at  the  eitry  point  to  the  rear?  system  should 
icmadiately  decide  his  course  of  action.  If  there  is  no  acceleration 
lane  and  stop-sign  control  exists ,  the  driver es  decision  should  be  to 
decelerate  to  a  stop.  Since  thare  were  108  feet  available  between 
the  point  of  entry  into  the  rasr?  system  and  the  stop- Una  in  this  study, 
this  maneuver  could  be  effected  at  a  comfortable  rate  of  deceleration. 
All  drivers  were  assumed  to  utilise  the  same  acceleration  rates  and 
require  the  same  minimum  time  ead  space  clearances  previously  established. 

In  the  eases  of  no  acceleration  lane  with  yield-sign  control  end 
an  acceleration  lane  with  no  sign  control,  the  driver "a  decision  process 
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at  the  point:  of  entry  into  the  s$  stasia  is  somewhat  more  couples.  Upon 
passing  this  entry  point  he  should  evaluate  both  shoulder- lane  t-?ad  ramp 
traffic  conditions  and  establish  his  course  of  action.  Sie  decision 
stay  be  to  stop  upon,  or  before,  reaching  the  stop-line;  or  his  decision 
may  be  to  proceed  through  the  ramp  area  and  into  the  shoulder  lane.  To 
arrive  at  the  latter  decision  the  driver  has  to  project  the  positions 
and  speeds  of  all  other  vehicles  in  the  system,  as  well  as  his  own,  to 
the  most  critical  point  in  both  Bis  decision  to  stop 

or  proceed  is  based  entirely  upon  gap  acceptance.  Sfe  may  determine 
the  acceleration-deceleration  pattern,  within  the  capabilities 
established  for  his  vehicle,  that;  will  majsimis-i  his  probability  of 
accepting  a  gap.  It  is  preb&ble  however t   that  a  driver  will  not 
follow  the  speed  pattern  that  mariiEises  the  ge?  available  to  I 
(maximising  the  gap  maximises  the  probability  of  accepting  the  gap), 
but  he  undoubtedly  considers  the  best  situation  that  he  can  create  for 


• !  m      •% 


Some  restrictions  were  aece.TS«ry,  however,  to  control  thin  complex 
situation  so  that  a  model  could  fse  developed;  and  it  was  assumed  that 
the  driver  would  not  stop  en  the  acceleration  lane  ox  at  any  point 
on  the  shoulder- lane  side  of  the  stop- lino .  It  was  also  assumed  that 
in  every  instance  ha  would  stop  at  the  stop- line  if  an  alternate 
course  of  action  would  result  in  a  speed  at  any  point  on  the  shoulder- 
lane  side  of  the  stop-line  that  wo^ld  be  lower  than  the  speed  that 
would  be  attained  at  that  paint  luring  acceleration  from  a  stop  at 
the  stop^line. 


HaGRO  HODSLS  :XB. 


The  ramp  situation  was  described  in  micro  detail  in  the  previous 
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section.  Bvery  important  aspect  of  the  rata?  traffic  system  w 

fortmlated  as  a  descriptive  behavior  model  ox  ec  a  rule  ©:s  opesstioao 
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Since  the  proportion  of  gaps  that  fell 
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possible  capacity  ere  simi       '^  £fe?      -gn-cos 
As  each  opening  occurs  in  the  shoulder       stopped  queue  is 
to  be  on  the  rasp.  The  first  driver  in  the  queue  must  make  his  decision 
to  accept  or  rejeei:  the  gap  ssiag  the  appropriate  gap-acceptance  an 
{Share  was  one  decision  i     *r  a  stopped  first- in- JLine  vehicle  ok 
a  ramp  with  m.  acceleration  lane  and  a  second  model  for  stopped  first- 
in-line  vehicles  on  ramps  without  acceleration  lanes.)  When  the 
first  vehicle  of  a  rarap  queue  accepts  a  gw,  he  aust  fall  in  behind  the 
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shoulder-lacs  vehicle  with  a  time  clearance  of  0.5  seconds.  Although 
this  is  a  very  short  ttea  spacing  the  leading  shoulder- lane  vehicle 
will  he  traveling  at  a  higher  cpasd  in  wost  instances  and  will  consequently 
increase  the  clearance.  With  yield°sign  or  no-sign  control,  trailing 
rsssp  vehicles  enter  the  shoulder  lane  at  intervals  of  2.0  and  1.8  seconds, 
respectively,  provided  the  remaining  lag  in  the  shoulder  lane  ic  acceptable 
to  them.  Shis  acceptance  decision  is  based  tipon  nan-stop  gap-acceptance 
models  separately  defined  for  the  acceleration- lass  and  no  acceleration- 
lane  situations.  Of  course,  with  ns  acceleration  lane  and  stop-sign 
control  every  vehicle  is  required  ta  coma  to  a  stop  in  the  first- in- 
line position  before  entering  f.tse  r;houldsr  lane,  and  as  a  consequence 
these  drivers  na&   the  sssss  gap-agteptance  decision  model  regardless 
of  their  position  at  tho  beginning  of  the  gap.  Vehicles  accepting 
successive  positions  in  the  sasid  gap  enter  the  shoulder  lane  at  e^aal 
intervals  of  4.45  seconds. 

She  limits  ever  which  fcoe  possifele-capaoity  queuing  model  was 
evaluated  for  each  of  the  design- control  conditions  were  defined  by 
the  appropriate  gap-acceptance  models  and  by   the  established  miniaaum 
clearance  tissee.  She-je  limits  srs  presented  in  Sable  1. 

She  solution  cf  the  possible-capacity  queuing  model  for  the  three 
design-control  conditions  was  fxograsmed  for  the  VM.  70S0  computer 
using  FGSSRAH  '£9   coding. 

Monte  Carlo  m Simulation  of  Practical  Capacity 

The  practical  capacity  of  a  £re<s»ay  on-jaap  was  defined  earlier 
as  the  maximum  volume  of  vehicles  that  can  eater  the  through  highway 
during  one  hour  with  85  percent  of  the  drivers  being  able  to  leave  the 
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TABLE  1 

TIME  LIMITS  FOR  NUMERICAL  SOLUTION  OF 
POSSIBLE-CAPACITY  QUEUING  MODELS 


Index 

i 

t. — By  Design- 

■Control  Conditions 

No  Ace I- Stop 

No  Accl-Yield 

Acci-No  Control 

0 
1 
2 
3 

3.30 

8.25 

12.70 

17.15 

3.30 
5.80 
7.80 
9.80 

2.50 
4.80 
6.60 
8.40 

8.25+(i-l)4.45        5.80+(i-l)(2.0)         4.80+(i-l)1.9 
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ramp  without  being  delayed  for  more  than  60  seconds.  Assuming  that 
the  flow  of  ramp  traffic  into  a  free  way  is  governed  only  by  the 
shoulder- lane  traffic  strea,  it  was  possible  to  build  a  relatively 
staple  simulation  model  ft>r  analysis  of  the  situation. 

The  Simulator  Progress 

The  oa-ramp  traffic  simulators  were  programmed  utilising  both 
open  and  closed  subroutines,  under  the  control  of  a  monitor  or  master 
program.  The  main  advantage  of  this  type  of  structuring  is  the  relative 
simplicity  with  which  small  segments  of  the  overall  model  can  be  isolated, 
prc>^rsK3sad,  tested,  and  debugged.  In  fact,  by  documenting  each  of  the 
segmented  programs  with  descriptive  comments,  written  in  English,  it 
was  possible  to  prepare  completely  intelligible  simulator  programs 
withcut  first  preparing  flow  diagrams.  The  advantage  of  a  program 
that  can  be  readily  digested  by  both  the  engineer  and  the  computer  is 
obvious . 

Sampling  the  Simulated  Traffic 

Simulation  runs  were  initiated  with  an  empty  system.  That  is, 
there  were  no  vehicles  in  the  simulation  area  v?han  relative  simulation 
time  was  sero.  2x   the  traffic  characteristics  of  the  first  few 
simulated  vehicles  had  been  recorded  and  considered  in  the  analysis  of 
the  level  of  performance,  they  would  undoubtedly  have  biased  the  results. 
In  order  to  guard  against  this  bias  the  simulator  was  loaded  prior  to 
the  actuation  of  the  surveillance  system.  This  pre-loading  was  effected 
by  simulating  the  flow  of  300  ramp  vehicles  through  the  ramp  area;  of 
course  the  shoulder- lane  flow  was  simulated  simultaneously,  but  the 
number  of  shoulder-lane  vehicles  involved  in  the  pre-loading  operation 
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was  a  function  of  the  ratio  of  shoulder-lane  volume  to  ramp  volume. 
During  this  initial  period  no  daisy  or  queuing  characteristics  were 
recorded.  The  number  of  rasp  vehicles  that  vera  s.'sulated  for  pre- 
loading purposes  was  established  arbitrarily;  but  it.  was  assumed 
that  300  vehicles  (an  average  of  apprcsircaiely  one-Iialf  hour  of  real 
traffic  flow)  was  adequate  to  establish  equilibrium  renditions  in 
the  ranp  area. 

Following  the  pre-loading  operation  the  surveillance  systess  was 
actuated  and  an  additional  1000  rasao  vehicles  were  gaserated  and 
observed.  In  this  case  the  saatplo  size  was  established  by  a  dollars 
constraint  rather  than  by  statistical  design.  After  estimates  of 
running  tisse  had  been  prepare/  from  the  results  of  a  pilot  study, 
sample  sizes  were  established  to  confers  with  the  available  project 
funds. 

pjscrip&ors  of  Traffic  Ferforaauct: 

The  level  r£  perforsnaace  in  the  rasp  system  is  vefioed  for  every 
combination  * :■£  ratsp  and  shoulder- lane  volumes  and  for  each  design- 
control  s^osation  by  sis  variables.  Listed  under  the  headings  of 
queuing  characteristics  and  delay  characteristics  these  variables  are 
as  frilowss 

A.  Queuing  Characteristics 

1.  average  queue  length 

2.  85th  percentile  queue  length 

3.  90th  percentile  queue  length 

4.  95th  percentile  queue  length 
3.  Delay  Characteristics 

5.  average  delay 

6.  probability  that  delay  exceeds  60  seconds. 
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Computer  Programs 
The  practical-capacity  simulators  for  the  three  design-control 
combinations  were  progressed  to  be  processed  on  the  IBM  7090  Coisputer 
using  FOKTRAB  IV  end  MAP  coding  (5). 

RESULTS  AKD  MSCU8SX0H 

The  results  from  the  queuing  and  simulation  analyses  are  presented 
separately.  Solution  of  the  queuing  models  led  directly  to  Che 
definitions  of  numerical,  possible  capacity  limits  for  the  three 
freeway  on-ramp  design-control  conditions— no  acceleration  lane  with 
stop-sign  control,  no  acceleration  lane  with  yield-sign  control,  and 
an  acceleration  lane  with  no  sign  control.  These  numerical  definitions 
are  presented  in  graphical  form.  In  contrast,  the  results  obtained 
from  the  simulation  did  not  directly  define  practical  capacities. 
Each  simulation  run  produced  a  record  describing  delay  end  ggiseue 
characteristics  at  various  combinations  of  shoulder - lane  and  samp 
volumes.  Subsequent  statistical  analyses  of  the  delay  characteristics 
provided  the  basis  for  the  definitions  of  practical  capacity.  Related 
queuing  characteristics  are  described  by  both  graphical  and  mathematical 
models, 

Results  of  the  Queuing  analysis 

Burner leal  Limits  for  Possible  Capacity 

The  possible  capacities  of  freeway  on-ramps  obtained  froa  solutions 
of  the  queuing  model  are  shown  in  figure  4  for  the  three  desi/ja-eontrol 
combinations,  although  there  was  practically  no  scatter  is  the  possible 
capacity  plots,  statistical  analyses  were  made  for  the  purpose  of 
developing  empirical  prediction  models.  Nearly  perfect  least-square 
fits  were  obtained  using  an  equation  of  the  form, 
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y  ,  c  C«  +  te  +  c«2>  . 
The  results  of  these  statistical  analyses  are  summarized  in  Table  2  for 
the  three  design-control  combinations.  As  expected  the  on-ramp  with 
an  acceleration  lane  and  u>  sign  control  had  the  highest  possible 
capacity;  the  lowest  capaciiv  was  realised  on  the  on-ramp  with  no 
acceleration  lane  and  etop-tlja  control.  The  capacity  of  die  reap 
with  no  acceleration  lane  and  yield- sign  control  approaches  that  of 
the  ramp  with  an  acceleration  lane  and  no  sign  control  at  low  shoulder- 
lane  volumes.  This  is  readily  rxplained.  At  shoulder- lane  volumes 
approaching  zero  flow  the  ramp  y.zesa  can  move  almost  continuously 
with  minimum  time  apacings  betveov  successive  vehicles.  Since  there 
is  only  a  snail  difference  in  the  vtiissm  allowable  spaeings  for  the 
two  conditions  under  consideration  ;he  potential  capacities  approach 
each  other,  although  they  cannot  be  equal.  With  no  acceleration  lane 
and  yield-sign  control  the  2.0  sec /ads  minimum  spacing  permits  a 
maximum  capacity  potential  of  180  >  vehicles  per  hour;  a  maximum  capacity 
potential  of  2000  vehicles  per  he,*?  is  possible  with  the  1.8  second 
minimum  time  spacing  imposed  rA  iv?  vehicles  with  an  acceleration 
lane  available.  Little  or  jo  capacity  difference  results  from  differences 
in  the  gap- acceptance  jr-^dels  for  the  mjo  situations.  At  volumes  approaching 
zero  in  the  should^  lane  almost  all  g.\js  ore  long  enough  to  be  completely 
acceptable  to  -ill  ramp  drivers. 

As  boulder- lane  volumes  increase  frexs  zero,  however,  the  length 
of  mailable  gaps  decreases  with  the  conseqience  that  more  of  the 
vehicles  on  the  ramp  with  yield-sign  control  &.*a  forced  to  stop  than 
on  the  ramp  with  an  acceleration  lane.  Since  ga;, ^acceptance  differences 
become  even  more  critical  after  a  stop,  the  possible  capacities  of  the 
two  ramp  situations  become  widely  divergent. 
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At  high  shoulder-lane  volumes  the  possible  capacity  of  the  yield- 
sign  controlled  ran?  approaches  that  of  the  stop-sign  controlled  reap. 
This  can  be  attributed  to  the  similarity  between  stop-  and  yield-sign 
control  that  occurs  as  traffic  conditions  on  the  shoulder  lane  become 
congested.  With  stop-sign  control,  e  stop  is  smndatory  before  entering 
the  shoulder  lane;  with  yield-sign  control  there  is  no  absolute  stop 
requirement ,  but  due  to  the  shortage  of  acceptable  gaps  in  the  shoulder- 
lane  zooat  ramp  vehicles  find  it  necessary  to  stop  before  merging  with 
the  shoulder-lane  stream*  Of  course  all  vehicles  stopped  in  the  first- 
in-line  position  on  a  raop  without  an  acceleration  lane  mast  utilise 
the  same  decision  model  for  gap  acceptance  regardless  of  the  type  of 
control. 

Simulation  Results 
Generated  Versus  Requested  Volumes 

The  ramp  and  shoulder- lane  traffic  flot-s  were  generated  by  a 
simulated- sampling  technique  whereby  theoretical  headway  distributions 
were  sampled  using  random  aun&ers.  At  the  start  of  each  simulation 
run  parameters  of  the  headway  distributions  were  established  for  the 
particular  volumes  desired.  The  generated  volumes  varied  from  the 
requested  volumes  due  partly  to  sampling  error,  and  partly  to  small 
errors  inherent  in  the  equations  for  predicting  the  volume  related 
distribution  parameters. 

The  requested  and  generated  ramp  volumes  ere  compared  in  Table  3. 
In  ten  of  the  twelve  volume  conditions  considered  the  simulated  ramp 
volumes  were  slightly  lower  than  the  requested  volumes.  Since  each 
simulation  run  was  continued  until  1300  ramp  vehicles  had  been  generated, 


•at  -j  op  , 
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TABLE  3 

COMPARISON  OF  RAMP  VOLUMES  GENERATED  BY  SIMULATOR 
WITH  RAMP  VOLUMES  REQUESTED 

Ramp  Volumes  --  (VPH) 


Requested  Generated 

100  92 

200  194 

300  297 

400  405 

500  503 

600  598 

700  694 

800  783 

900  872 

1000  957 

1100  1052 

1200  1156 
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and  since  the  same  sequence  of  randan  numbers  was  utilised  for  each 
run,  identical  ramp  volumes  vera  generated  each  time  the  sane  volume 
was  requested.  In  contrast  the  number  of  shoulder- lane  vehicles 
generated  at  a  given  volume  level  vas  dependent  upon  the  ramp  volume 
being  generated  with  the  result  that  the  simulated  shoulder-lane 
volumes  were  different  for  almost  every  run.  A  comparison  between 
the  requested  and  the  generated  shoulder- lane  volume  is  given  In  Sable  4< 
Again  it  should  be  noted  that  the  majority  of  the  generated  volumes  are 
slightly  lower  than  the  requested  volumes. 

Traffic  Performance  By  Type  of  On-Ramp 

Traffic  performance  for  each  of  the  three  different  ramp  designs 
vas  described  for  every  combination  of  ramp  and  shoulder- lane  volumes 
by  sis  variables— the  average  length  of  queue  found  on  the  rasp,  the 
85th,  90th,  and  95th  percentile  queue  lengths  found  on  the  ramp,  the 
average  delay  incurred  by  a  ramp  vehicle,  and  the  probability  that 
the  delay  incurred  by  a  ramp  vehicle  exceeds  60  seconds.  Statistical 
analyse a  were  performed  on  the  data  describing  the  average  queue 
length,  the  average  delay,  and  the  probability  that  delay  exceeds  60 
seconds;  and  least-quare  prediction  models  were  constructed  to  explain 
the  variation  in  each  of  these  characteristics  as  a  function  of 
shoulder- lane  volume,  with  ramp  volume  held  constant  at  each  of 
several  different  level. 

Ko  Acceleration  Lane— Stop-Sign  Control.  Analyses  of  the  stop- 
sign  controlled  ramp  situation  were  conducted  for  shoulder-lane  volumes 
ranging  from  100  to  1800  vehicles  per  hour.  The  range  of  ramp  volumes 
studied  at  each  shoulder- lane  volume  varied  from  100  vehicles  per  hour 
to  the  possible  capacity  of  the  ramp  defined  for  the  given  shoulder- 
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lane  volume.  Since  toe  maximum  ramp  capacity  that  can  be  realized 
even  at  very  low  shoulder- lane  volumes  is  only  slightly  in  excess  of 
700  vehicles  per  hour  no  simulation  runs  vera  considered  above  this 
limit.  The  results  describing  average  queue  length,  average  delay, 
and  the  probability  that  delay  exceeds  60  seconds  ore  plotted  in 
Figures  5,  6,  and  7,  respectively.  In  each  case  the  plots  represent 
empirical  equations  fitted  to  observed  data  by  the  "method  of  least- 
squares."  A  separate  analysis  was  made  to  determine  the  relationship 
between  a  given  characteristic  (average  queue,  average  delay,  etc.) 
and  shoulder-lane  volume  at  each  level  of  ramp  volume. 

The  results  of  the  statistical  analysis  of  each  family  of  curves 
are  summarized  in  the  table  immediately  following  each  figure.  The 
equations  fitted  to  the  three  characteristics  were  all  of  the  same 
general  form, 

y  .  fi  Ca  +  bx  +  cx2>, 

where s 

y  *  the  ramp  characteristic  under  consideration,  and 

I 
x  =  shoulder ■» lane  volume  expressed  in  vehicles  per  hour. 

2 
The  regression  coefficients,  multiple  R  *s,  ranges  of  snalyses,  and 

the  number  of  observations  included  in  each  analysis  are  presented  in 

2 
Tables  5,  6,  and  7.  The  apparent  amounts  of  variability  <R  >  explained 

by  each  of  the  derived  equations  are  very  high.  In  11  out  of  21  fits 

2 
the  E  's  had  values  in  excess  of  0.980,  and  in  17  of  the  21  fits  the'/ 

2 
exceeded  0.950.  In  no  case  was  an  &  of  less  than  0.936  obtained.  '.Jars 

should  be  exercised,  however,  in  interpreting  the  significance  of 

these  values.  They  are  not  true  estimates  of  the  proportion  of  the 

variability  in  the  y's  that  is  explained  by  the  model;  rather,  they 
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are  estimates  of  the  proportion  of  the  variability  in  the  natural 

logarithms  of  the  y's  that  are  explained  by  the  transformed  model, 

2 
ln(y)  »  a  +  bx  +  ex  . 

Ho  Acceleration  Lane-  Vield-Siftn  Control.  Ho  ramp  volumes  were 
studied  In  excess  of  1200  vehicles  pev  hour  although  the  maximum 
possible  capacity  of  a  rssgp  with  yield-sign  control  is  nearly  1600 
vehicles  per  hour  under  low  shoulder- lane  volume  conditions.  Analysis 
was  restricted  to  this  love?  liv.lt  due  to  the  characteristics  of  the 
ramp- vehicle  generator.  She  parameters  of  the  ramp  headway  distribution 
have  only  been  defined  for  volumes  in  the  range  of  100  to  1200  vehicles 
per  hour. 

Graphical  representations  of  the  empirical  models  describing 
average  queue  Xangth,..  average  delay,  and  the  probability  that  a 
vehicle  incurs  ielay  in  excess  of  60  seconds  are  shown  in  Figures  8, 
9,  and  10,  respectively.  Summaries  of  the  results  of  the  statistical 
analyses  performed  to  obtain  least  square  equations  for  each  of  these 

characteristics  are  given  in  fables  8,  9,  and  10.  Similar  to  the 

2 
fitop-sign  analyses,  multiple  R  's  in  excess  of  .964  were  obtained  for 

fits  to  the  natural  log  transformation  of  an  equation  of  the  form, 

<a  +  bx  +  ex2) . 
y  «  e  ^ 

Acceleration  Lane— Ho  Sign  Control.  Although  a  maximum  possible 
capacity  of  approximately  1800  vehicles  per  hour  can  be  realised  on  a 
ramp  with  an  acceleration  lane  and  no  sign  control,  provided  the 
shoulder - lane  volume  is  very  low,  the  range  of  analysis  was  again 
restricted  to  a  maximum  ramp  volume  of  1200  vehicles  because  of  the 
limitations  on  the  ramp -vehicle  generator. 

The  graphical  representations  of  the  empirical  models  describing 
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average  queue  length,  average  delay,  and  the  probability  that  a 
vehicle  incurs  delay  in  excess  of  60  seconds  are  presented  in  Figures 
11,  12,  and  13,  respectively.  Summaries  of  the  statistical  analyses, 
made  la  order  to  obtain  least-square  estimates  of  the  parameters  of 
the  empirical  Models  describing  these  characteristics,  are  shotra  in 
Tables  11,  12,  and  13.  All  of  the  relationships  were  fitted  to  the 
seme  model  used  previously  for  the  stop-sign  and  yield-sign  controlled 
rasapsj  and  again,  the  amounts  of  variability  (R  )  in  the  logarithms 
of  the  dependent  variables  that  were  described  by  the  transformed 
models  were  in  excess  of  0.950  in  all  cases. 

Practical  Capacity  Analysis 
Numerical  Limits  for  Practical  Capacity 

The  empirical  models  describing  the  probability  that  a  vehicle 
will  incur  delay  in  excess  of  60  seconds  were  utilised  to  define  the 
practical  capacities  of  the  three  rasep  designs.  Shsss  models  were 
solved  at  each  level  of  raajfs  voluras  to  establish  the  shoulder-lane 
volume  at  which  the  probability  of  delay  in  excess  of  60  seconds  was 
0.15.  The  resulting  rasp  volume,  shoulder-lane  volume  data  sets 
described  the  relationship  between  practical  reap  capacity  and  shoulder- 
lane  volume.  These  data  sets  are  plotted  for  each  of  the  three  ramp 
designs  in  Figure  14.  The  curves  drawn  through  these  points  are  least- 
square  fits  to  a  model  of  the  form.  She  complete  analyses  are  summarised 
in  Table  14. 

Queuing  Conditions  at  Practical  Capacity 

The  average  queue  length  models  were  solved  and  percentile- 
queue  data  were  evaluated  at  practical-capacity  volume  conditions. 
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The  various  queue- length  estimates  that  were  obtained  are  plotted  as 
functions  of  shoulder- lane  volume  in  Figures  15,  16,  and  17,  respectively, 
for  reaps  with  no  acceleration  lane  and  stop-sign  control,  no  acceleration 
lane  and  yield-sign  control,  and  an  acceleration  with  no  sign  control. 
Although  there  was  relatively  little  scatter  in  the  data  describing 
the  queuing  conditions  on  the  stop-sign  controlled  ramp,  a  statistical 
analysis  was  performed  for  Che  purpose  of  deriving  prediction  models. 
An  empirical  equation  of  the  form, 

(a  +  bsc) 

was  fitted  to  the  data  describing  average  queue  lengths  using  the  method 

of  least  squares.  Squat lens  of  the  form, 

1 

a  +  bat  +  c*2 
y  »  e  , 

were  derived  for  prediction  of  85th,  90th  and  95th  percectile-queue 

lengths.  The  results  of  the  statistical  analyses  are  presented  in 

2     2 
Table  15,  where  it  should  be  noted  that  the  multiple  E  *s  (r  in  the 

case  of  the  average  queue  ^length  model)  for  the  transformed  equations 

were  ail  equal  to  or  greater  than  0.967. 

The  various  practical-capacity  queuing  characteristics  for  the 

ramp  with  yield-sign  control  and  the  ramp  with  an  acceleration  lane 

were  described  by  empirical,  least-square  equations  of  the  form, 

(a  +  bx) 
y  »  e         , 

and  the  results  are  presented  in  Table  16.  Because  of  scatter  in  the 

2 
average  queue  length  data  the  r  values  were  only  0.916  and  0.883 

for  the  yield-sign  control  condition  and  the  acceleration- lane  condition, 

respectively . 
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Emus?  Capacities  By  Other  Delay  Criteria 

In  Figures  18,  19,  and  20  the  prsetlcal-cap&clty  relationships 
obtained  from  analyses  of  the  rasp  and  shoulder- lace  volume  conditions 
that  permit  only  85  percent  of  the  r«ap  vehicles  to  leave  the  reap 
without  Incurring  delay  in  excess  of  60  seconds,  are  coopered  to 
several  other  capacity  relationships  described  by  volume  conditions 
that  generate  various  levels  of  average  delay.  In  general,  practical 
capacities  based  on  the  proposed  praetical-capet-.ity  definitions  are 
similar  to  the  capacities  that  could  be  realised  with  average  delays 
in  the  vicinity  of  30  seconds. 
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Comparison  of  Possible  and  Practical  Capacities 

A  comparison  of  the  practical  and  possible  capacities  defined  in 
the  study  revealed  that  the  practical  capacities  of  stop-sign  and 
yield-sign  controlled  ramps  vary  from  about  30  percent  of  possible 
capacity  at  high  shoulder- lane  volumes,  to  about  90  percent  of 
possible  capacity  at  las?  shoulder- lane  volumes .  In  the  case  of  the 
rarap  with  an  acceleration  lane,  the  comparison  indicated  that  practical 
capacity  varied  from  approximately  50  percent  of  possible  at  high 
shoulder-lane  volumes  to  nearly  110  percent  of  possible  capacity  at 
the  lowest  shoulder- lane  volume  studied.  It  is  not  reasonable  for 
practical  capacity  to  exceed  possible  capacity;  but  the  discrepancy 
can  be  explained. 

This  discrepancy  in  the  results  obtained  from  the  Queuing  model 
and  the  simulator  resulted  from  an  operating  condition  that  was  assumed 
to  exist  and  was  built  into  the  queuing  model.  The  assumed  condition 
did  not  always  materialize,  however,  when  the  possible  capacity  levals 
predicted  by  the  queuing  model  were  reproduced  by  the  simulator.  The 
operating  restriction  that  was  Imposed  by  the  queuing  model  required  every 
queue  of  ramp  vehicles  utilizing  the  capacity  available  in  each  single 
shoulder- lane  gap,  to  depart  from  a  stopped  condition.  As  a  consequence 
the  first  driver  in  each  queue  based  his  gap-acceptance  decision  on 
the  more  restrictive  gap-acceptance  model  for  stopped,  first-in-line 
vehicles.  The  simulator,  however,  did  not  absolutely  require  that 
every  queue  depart  from  «.  stopped  condition.  Even  as  possible  capacity 
was  approached,  the  driver  had  the  option  to  modify  his  speed  in  the 
ramp-acceleration  lane  area  in  such  a  manner  as  to  delay  his  arrival 
time  at  the  entry  point  to  the  shoulder  lane.  By  effecting  this  moving 
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delay  the  driver  was  able  to  take  advantage  of  the  lees  restrictive, 
no-stop,  gap-acceptance  nodel.  In  real  life,  drivers  undoubtedly 
follow  this  practice.  The  results  suggest  that  the  possible 
capacities  of  rasps  with  acceleration  lanes  and  no  sign  control  are 
actually  a  little  higher  than  Indicated  by  the  queuing  model. 

Although  there  vera  no  instances  in  which  the  practical  capacities 
exceeded  the  possible  capacities  of  rasps  with  no  acceleration  lanes 
and  yield-sign  control,  She  discrepancies  in  the  above  case  led  to  an 
investigation  of  the  adequacy  of  the  assumed  operating  conditions  for 
this  latter  type  of  ramp.  A  review  of  the  vehicle-counter  logs  kept 
by  the  yield- sign  simulator  monitor  revealed,  however,  that  even  though 
absolute  stops  were  not  required  with  yield  control,  the  maneuver 
distance  available  without  an  acceleration  lane  was  not  long  enough 
to  permit  moving  delays.  As  a  consequence  the  necessary  stop  condition 
was  forced  by  the  traffic  itself  at  those  volume  levels  approaching 
. possible  capacity  as  defined  by  the  queuing  model. 

Of  course,  there  is  no  question  as  to  whether  or  not  the  necessary 
stop  condition  is  satisfied  on  ramps  with  no  acceleration  lanes  and 
stop-sign  control.  A  stop  ia  mandatory  for  every  single  vehicle 
leaving  the  ramp  when  this  type  of  sign  control  is  utilized. 

S&ettS?  ASD  G09GLB3X0NS 

1.  Objective  criteria  were  established  for  the  measurement  of  the 
possible  and  practical  capacities  of  freeway  on-rsmps.  These 
criteria  were  stated  in  definition  form. 
a.  Possible  capacity  of  a  freeway  on-ramp  is  the  maximum 
number  of  vehicles  that  can  enter  the  through  highway 
during  one  hour  under  the  prevailing  conditions 


69 


with  a  continual  backlog  of  waiting  vehicles. 
b.  Practical  capacity  of  a  freeway  on- ramp  la  the  maximum 

number  of  vehicles  that  can  enter  the  through  highway  during 
one  hour  with  85  percent  of  the  drivers  being  able  to  leave 
the  reap  without  being  delayed  sore  than  60  seconds . 

2.  The  micro  aspects  of  freeway  on-rcmp  areas  and  their  traffic  were 
modeled  in  the  mathematical  mode,  within  the  present  understanding 
of  traffic  flow  theory.  In  some  cases,  empirical  estimates  were 
substituted  for  presently  undefined  functional  relationships. 

3.  Rules  of  operation  were  established  for  the  on- ramp  area  that 
provided  a  framework  within  which  the  models  describing  micro- 
aspects  were  assembled  as  functional  systems. 

a.  The  rules  for  operation  of  the  ramp  system  at  possible  capacity 
were  Implied  by  the  definition  of  possible  capacity.  These 
rules  provided  for  the  development  of  a  deterministic  queuing 
model  that  adequately  describes  the  possible  capacity  of  ramps 
with  no  acceleration  lane  and  either  stop-  or  yield-sign  control. 
This  queuing  model  predicted  possible  capacities  that  were 
slightly  low  in  the  case  of  ramps  with  an  acceleration  lane 

and  no  sign  control. 

b.  More  general  rules  were  designed  and  implemented  as  control 
mechanisms  in  a  computer-oriented  ramp  simulator.  A  wide 
range  of  ramp  and  shoulder-lane  volume  combinations  were 
realistically  generated  by  this  model.  Traffic  monitors 
constructed  as  integral  parts  of  the  simulator  measured  and 
recorded  several  indices  of  traffic  performance.  The  most 
important  of  these  were  average  and  percentile  queue  lengths, 
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average  delay,  and  the  probability  that  delay  exceeds  60 
seconds. 

4.  Statistical  models  were  derived  to  define  the  various  indices  of 
performance  as  functions  of  rasp  and  shoulder-lane  volume  conditions 
for  each  type  of  ramp  design  considered. 

5.  Practical  capacities  *?are  defined  by  obtaining  solutions  to  the 
empirically  derived  models  describing  the  probability  of  delay  in 
excess  of  60. seconds.  Ramp  and  shoulder- lane  volume  combinations 
that  generated  a  probability  of  0.15  constituted  a  practical  capacity 

**  situation. 

6.  She  average  queue  models  were  solved  and  percentile  queue  data 
were  evaluated  at  practical  capacity  volume  conditions  to  obtain 
ramp  storage  requirements  for  ramps  operating  at  practical  capacity. 

7.  The  results  obtained  feosa  the  queuing  and  simulation  analyses 
can  be  extremely  useful  in  the  design  of  new  on-remp  facilities 
and  in  evaluating  the  adequacy  of  existing  facilities,  the 
procedure  for  applying  these  results  to  a  particular  reap  situation 
involves  two  steps g 

a.  Obtain  an  estimate  of  the  amount  of  traffic  that  is  using,  or 
is  expected  to  use,  the  shoulder  lane.  This  may  be  done  by 
actual  field  study  or  by  using  Bess's  lane-distribution  models 
given  in  the  section  entitled  "Descriptors  of  the  Samp  Situation." 

bo  Obtain  possible  capacity,  practical  capacity,  and  performance 
characteristics  associated  with  practical  capacity  from  the 
appropriate  models  derived  in  this  study. 

8.  Monte  Carlo  simulation  is  a  useful,  practical,  and  efficient  technique 
for  studying  freeway  on-ramp  operations.  Ihe  proposed  simulator 
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required  approximately  two  minutes  for  each  combination  of  ramp  and 
shoulder-lane  volumes  that  was  simulated.  Although  constant  atopic 
sizes  of  1000  rasp  vehicles  were  observed  on  each  run,  variations 
in  the  ramp  flow-rates  resulted  in  variation  of  the  real  time/ 
oooqputer  tins  ratio.  Ibese  ratios  ranged  from  360/1  to  30/1. 
Approximately  one-half  of  the  computer  time  was  spent  pre-loading 
the  rssp  system,  preparing  statistical  susesaries  of  the  results, 
and  writing  the  simulation  report. 
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